Abstract − The present work presents improvements to the existing methods for extraction of carbohydrates with water. In order to test the effects of extraction factors on the yield of carbohydrates, extractions of water-soluble carbohydrates were performed with two contrasting samples (suspended particulate organic matter from the high turbidity zone of the Gironde estuary and sedimentary organic matter from the Arcachon lagoon) under different experimental conditions. Results show that: (i) boiling water applied for 30 min yielded the best result for water-soluble carbohydrates in both samples; (ii) sonic disruption had a strong influence on the recovery rate of water-soluble carbohydrates -a steady yield was reached after a 3-min treatment; (iii) almost all the water-extractable carbohydrates are removed after the third extraction. Consequently, a general method is proposed to improve the extraction of water-extractable carbohydrates from particulate matter. 
INTRODUCTION
Carbohydrates play an important role in biogeochemical cycles occurring in the marine water column and watersediment interface (Hedges et al., 1994; Moers et al., 1994; Arnosti and Holmer, 1999) . Carbohydrates are the most abundantly produced photosynthetical compounds in waters due to the predominance of structural polysaccharides including cellulose, hemicellulose and pectin in plants (Aspinall, 1983) . Carbohydrates also are major storage compounds in autotrophic organisms and play critical roles in cellular metabolism (Sakugawa and Handa, 1985; Hama and Handa, 1992; Opsahl and Benner, 1999) .
There are two different reliable ways of determining carbohydrate contents in particulate organic matter: (i) through the hydrolised fraction by various and strong acids (such as HCl, H 2 SO 4 and PTSA) corresponding to the total carbohydrate reserves: structural polysaccharides and storage sugars (Buscail et al., 1995; Kerhervé et al., 1995; Buscail and Germain, 1997; Opsahl and Benner, 1999 ); (ii) or through the storage glucan which can be easily extracted by water (Dawson et al., 1983; Hama and Handa, 1992; Etcheber et al., 1999; Burdloff et al., 2000) .
Associated to both easily extractable proteins and lipids, water-soluble carbohydrates are thought to be the most degradable part of particulate organic matter and are thus selected as suitable tools for achieving a good understanding of the effect of nutritional quality of particulate matter on biological processes (Relexans et al., 1992a (Relexans et al., , 1992b Navarro et al., 1993; Danovaro et al., 1995; Etcheber et al., 1999; Burdloff et al., 2000) . Numerous experimental schemes have been developed, especially concerning extraction of water-soluble carbohydrates procedures (table I). The fundamental differences between them lies in the choice of the duration and number of extractions and this makes it very difficult to compare the various published results. However, no estimate of the impact of sonic disruption on the yield of waterextractable carbohydrates has been realised to date. In their study of easily extractable lipids of recent sediments, Farrington and Quinn (1971) observed that sonic disruption improved the yield of fatty acid from 60 to 70 %. Rausch (1981) also reported that sonic disruption increased extraction of micro-algal proteins. As yet, very little attention has been given to the effects of extraction factors on the yield of water-soluble carbohydrates.
The purpose of this work is therefore to assess the effects, on the yield of water-soluble carbohydrates, of temperature, duration and number of extractions, and to determine the best moment and duration for sonic disruption. The results are based upon the comparison of two contrasting samples: a weakly degradable organic matter sample (the maximum turbidity zone of the Gironde estuary, France) and a highly degradable one (the Arcachon lagoon, France). An extraction procedure capable of leading to an optimal extraction of watersoluble carbohydrates of organic matter is then proposed.
MATERIALS AND METHODS
The Gironde estuary is characterised both by a long residence time of water and particles within the estuary and by the occurrence of a maximum turbidity zone (Sottolichio and Castaing, 1999) whose degradable organic fraction represents 5 to 10 % of particulate organic matter, emphasising the detrital nature of organic matter (Lin and Etcheber, 1994; Burdloff et al., 2000) . Eightyfive per cent of the particles have a diameter of less Smetacek and Hendrikson, 1979 than < 16 µm and among them 50 % are clay minerals of terrestrial origin (Weber et al., 1991) . Sampling was carried out in this maximum turbidity zone (1 g·L -1 ) at a 1-m water depth. Immediately after the collection, water samples were filtered through precombusted (450°C, 4 h) glass fibre filters (Whatman GF/F) to collect suspended particulate matter.
For 20 years, the Arcachon lagoon has displayed various nitrogen eutrophication signs predominantly influenced by intensive agricultural practices (maize cultivation) (Rimmelin et al., 1998) . As a result, the degradable sedimentary organic fraction accounts for 20 to 40 % of the organic matter (Relexans et al., 1992a) . The upper first centimetres of the sediment samples were taken in a Zostera noltii seagrass bed, located in the intertidal area from the intermediate part of the lagoon.
Particulate matter from each area was dried at 40°C to constant weight before treatment and hand-grounded with a mortar.
Five major extraction factors have been tested on particulate matter to extract water-soluble carbohydrates: temperature, duration and number of extraction; the best moment and duration for sonic disruption. The solid residue was separated from the extract by centrifugation and rinsed twice with water (5 mL). The combined extracts and rinses were evaporated to a small volume (10 mL) and analysed. Total water-extractable carbohydrates were determined from an aliquot (1 mL) of the different water-extractable fractions, by the phenolsulphuric acid method (Dubois et al., 1956 ) using glucose as the standard. The coefficient of variation (standard deviation/mean) of water-soluble carbohydrates by repeated analysis (n = 3) with spectrophotometer was 2 %. All the extractions were made in duplicate and each analysis of water-soluble carbohydrates was done in triplicate.
RESULTS AND DISCUSSION
Water-extractable carbohydrates are found in much lower quantity (∼10-fold) in the Gironde estuary (∼1 300 µg·g -1 ) than in the Arcachon lagoon (∼15 000 µg·g -1 ). In the latter, large dissolved inorganic nitrogen inputs have significantly contributed to a succession of excessive vegetal growths representing an important potential source of carbohydrates. In contrast, because large amounts of suspended particles limit light penetration, the maximum turbidity zone is characterised by significant heterotrophic processes and a very low phytoplankton production, inducing a mainly refractory organic matter (Irigoien and Castel, 1997; Artigas, 1998; Burdloff et al., 2000) .
Water-soluble carbohydrate yields were positively correlated with temperature of extraction ( figure 1) . The highest average water-soluble carbohydrate yields were achieved with the highest temperature (100°C). In both samples, boiling water-extractable carbohydrate yields were optimal after the first 30 min of extraction. After this time, no significant difference was observed (Student's t-test; P < 0.05). We therefore conclude that optimal yield of water-extractable carbohydrates is reached after the first 30 min by boiling water. Consequently, any watersoluble carbohydrate extractions that may use lesser extraction conditions (under 100°C and/or for less than 30 min) would lead to underestimate the water-soluble carbohydrate content (e.g. of up to 55 % for extraction at 80°C from organic matter of the Gironde estuary).
Experiments concerning sonic disruption effects have shown that, in both samples, larger amounts of watersoluble carbohydrates were recovered when sonic disruption took place at the end of extraction by boiling water for 30 min, than before the boiling water extraction (figure 2). On the other hand, experiments on the duration of sonic disruption showed that water-soluble carbohydrate yields increased strongly between 0 (without sonic disruption) and 2 min (figure 2). After 3 min of sonic disruption, steady yields were reached in both samples, corresponding to a supply of 60 and 22 % of additional water-soluble carbohydrates for the maximum turbidity zone of the Gironde estuary and the Arcachon lagoon samples, respectively. These results indicate that although the water-soluble carbohydrate abundance in the maximum turbidity zone is lower than in the Arcachon lagoon, sonic disruption showed a more limited influence for the Arcachon lagoon sediments than for the Gironde estuary samples. Water-soluble carbohydrates from mainly phytodetritus and seagrass origin are easily extracted in the Arcachon lagoon samples, while sonic disruption can probably reach water-soluble carbohydrates linked to clay minerals from the maximum turbidity zone samples.
A study of the efficiency of successive extractions on the yields of water-soluble carbohydrates indicates that 50 and 60 % of water-soluble carbohydrates were yielded from the first extraction for the Gironde estuary and the Arcachon lagoon samples, respectively. The second extraction accounted for 20 to 25 % of these compounds. Finally, only the third and the fourth extraction display very low values (around 5 % of these compounds), indicating that almost all the water-extractable carbohydrates were removed after the third extraction.
CONCLUSION
Our results highlight the influence of different extraction protocols on the yield of water-extractable carbohydrates. For both contrasting organic matrices, a common method gave optimal yields of water-extractable carbohydrates: three successive extractions in boiling water for 30 min followed by 3 min of sonic disruption. Comparison with existing methods (table I) shows that our procedure differs from others mainly by the use of sonic disruption. This step clearly improves the watersoluble carbohydrate yields from 22 to 60 %, according to the organic matrix. The results of these experiments emphasise the absolute necessity of using rigorous and similar extraction procedures, in order to achieve optimal yields and valid comparisons of published results from various authors. 
